Different signatures of natural selection persist over varying time scales in our genome, revealing possible episodes of adaptative evolution during human history. Here, we identify genes showing signatures of ancestral positive selection in the human lineage and investigate whether some of those genes have been evolving adaptatively in extant human populations. Specifically, we compared more than 11,000 human genes with their orthologs in chimpanzee, mouse, rat and dog and applied a branch-site likelihood method to test for positive selection on the human lineage. Among the significant cases, a robust set of 11 genes were then further explored for signatures of recent positive selection using SNP data. We genotyped 223 SNPs in 39 worldwide populations from the HGDP Diversity panel and supplemented this information with available genotypes for up to 4,814 SNPs distributed along 2 Mb centered on each gene. After exploring the allele frequency spectrum, population differentiation and the maintainance of long unbroken haplotypes, we found signals of recent adaptative phenomena in only one of the 11 candidate gene regions. However, the signal of recent selection in this region may come from a different, neighbouring gene (CD5) rather than from the candidate gene itself (VPS37C). For this set of positively-selected genes in the human lineage, we find no indication that these genes maintained their rapid evolutionary pace among human populations. Based on these data, it therefore appears that adaptation for human-specific and for population-specific traits may have involved different genes.
Introduction
Identifying traits that have undergone positive selection during human evolution is essential to understand the adaptive events that have shaped our genomes. Whereas comparative genomics of closely-related species has shed light on the species-specific traits that set us apart from our closest living relatives, the genomic signature of recent adaptations can be directly detected from human population genetic data. The standard tool to detect signatures of selection in comparative data is the K a /K s ratio (also called d N /d S or ω in different analysis contexts) which expresses the ratio of nonsynonymous to synonymous substitutions in a given protein coding sequence (see a review in Yang and Bielawski 2000) .
Genetic variants that were selected during the process of hominization are common to all humans and are detected by comparison with sequences from other primates. Moreover, methods have been developed to examine variation in the K a /K s ratio among lineages (Zhang, Kumar, and Nei 1997) , among codon sites (Nielsen and Yang 1998; , and to identify selection on individual codons along specific lineages (Zhang, Nielsen, and Yang 2005) . Recently, several genomewide efforts for identifying positively selected genes and/or functional categories enriched for such genes in the human and chimpanzee lineages have been conducted, yielding valuable insights into understanding human-specific traits (Clark et al. 2003; Bustamante et al. 2005; Kosiol et al. 2008 ).
The divergence that has accumulated in the human lineage since our separation from the chimpanzee occurred over the past 5 to 7 million years, and hence does not necessarily reflect recent selection that occurred after the origin of our species some 150,000 years ago. It is precisely within this evolutionary time scale that our ancestors dispersed from Africa to colonize most of the globe, and were challenged by many new selective pressures.
Nonetheless, intraspecific diversity patterns within human populations may indeed reflect such modern adaptations, since distinctive signatures of recent selective sweeps (such as an overall reduction in genetic diversity, excess of high frequency derived alleles or long range haplotypes) stay imprinted in the genome for many tens to a few hundreds of thousands of years . Identifying genes affected by recent selective sweeps in human populations has gained great interest during the last few years, as they may help to explain population-specific adaptations. Along with the tremendous increase in the availability of SNPs in public databases (Hinds et al. 2005; Frazer et al. 2007 ) and the high-throughput methodologies that currently exist, new analytical methods aimed at detecting the footprint of selection from SNP data have been developed and widely applied in a number of candidategene (Sabeti et al. 2002; Bersaglieri et al. 2004; Hughes et al. 2008) , path-related genes (Walsh et al. 2006; Han et al. 2007; Sikora et al. 2008) and genome-scanning studies (Akey et al. 2002; Kimura et al. 2007; Sabeti et al. 2007; Tang, Thornton, and Stoneking 2007; Williamson et al. 2007; Barreiro et al. 2008; Myles et al. 2008; Pickrell et al. 2009 ).
Signatures of selection such as increased levels of population differentiation, unusual allele frequency spectra and elevated levels of linkage disequilibrium (LD) are usually examined and identified in comparison to a genome-wide empirical distribution or simulated data.
Recently, a remarkable amount of evidence for targets of recent selection in humans has been gained from a set of relatively new statistics especially design to detect long range haplotypes through the measure of the extended haplotype homozygosity (EHH), whose first implementation was introduced by the long range haplotype (LRH) test (Sabeti et al. 2002) .
These methods rely on the principle that positively selected alleles are expected to rise to high frequency rapidly enough that long range association with alleles at nearby loci will not have time to be erased by recombination. Different strategies have recently been developed in order to capture the extended LD around a putatively selected allele (or core haplotype) in a given population (Sabeti et al. 2002; Voight et al. 2006) , and on particular alleles (Kimura et al. 2007; Sabeti et al. 2007; Hughes et al. 2008) or sites (Tang, Thornton, and Stoneking 2007) when comparing pairs of populations.
Here, we address whether a sample of genes that were positively-selected during the evolution of the Homo lineage present any molecular signature of recent positive selection among human populations; that is, whether they continued to evolve at a non-neutral pace.
We first identified fast-evolving human genes by comparing more than 11,000 coding sequences from the human genome with chimpanzee, mouse, rat and dog orthologs. For a robust subset of 11 significant cases, we analysed SNP data along 2 Mb genomic regions centered on each of the 11 genes. SNP variation was investigated in a worldwide sample of 39 human populations belonging to the HGDP-CEPH diversity panel (Cann et al. 2002) . Signals of recent positive selection were interrogated through population differentiation, allele frequency threshold analyses, and by applying two complementary EHH-based tests especially designed to detect both fixed (or nearly so) and intermediate frequency selected
variants. The variety of methods applied allowed us to investigate different signatures of recent selection persisting over varying evolutionary time scales (see Sabeti et al. 2006 ).
Materials and Methods

DNA samples
We analyzed the H971 standardized subset of the Human Genome Diversity Cell Line Panel (HGDP-CEPH) (Cann et al. 2002) recommended by Rosenberg (2006) , which contains no atypical, duplicated or deduced first-degree related individuals. In order to maximize sample sizes and after considering geographic and ethnic criteria, populations from the original panel were re-grouped into 39 population samples. In particular, we grouped Tuscans and Bergamese into North Italians; Dai, Lahu, Miaozu, Naxi, She, Tujia, and Yiku as South Chinese; Daur, Hezhen, Mongolian, and Oroqen as Northeast Chinese; and Tu, Uygur, and Xibo as Northwest Chinese. For some analyses, populations were further grouped into 7 major geographical regions as in Moreno-Estrada et al. (2008) : Sub-Saharan Africa (SSAFR), Middle East-North Africa (MENA), Europe (EUR), Central-South Asia (CSASIA), East Asia (EASIA), Oceania (OCE) and America (AME). Individual samples for which genotypes in any gene region analyzed failed for at least 50% of the SNPs were not considered. Two chimpanzee samples provided by the Barcelona Zoological Park were also genotyped and if their alleles matched one of the human states, were considered ancestral.
Selection of genes
We selected 11 genes (Table 1) that exhibited evidence of accelerated evolution in the human lineage after applying the following process. Around 11,000 human, chimpanzee, mouse, rat, and dog orthologous genes were retrieved from Ensembl (March 2006) and subsequently checked to have a unique best-reciprocal BLAST match in all 5 species. For the remaining 9,170 orthologous genes, we then performed multiple sequence alignments with ClustalW (Thompson, Higgins, and Gibson 1994) and applied a branch-site likelihood method (Zhang, Nielsen, and Yang 2005) to test for positive selection on the human branch in the underlying phylogeny of the five mammal species. A likelihood ratio test (LRT) was performed by comparing the likelihood values of 2 hypotheses, allowing variation in omega (ω) among lineages and sites at the same time. As the alternative hypothesis, we used the modified Branch-Site Model A as described in Zhang, Nielsen, and Yang (2005) , in which ω is estimated for all branches of the phylogeny, allowing for sites with ω > 1 only in the human (foreground) branch. As the null hypothesis, we used the same Branch-Site Model A but with ω 2 = 1 fixed in the human branch. The null and alternative hypotheses for this improved branch-site test 2 of positive selection (Zhang, Nielsen, and Yang 2005) and the corresponding Bayesian empirical inference of amino acid sites under positive selection (Yang, Wong, and Nielsen 2005) were performed using the codeml program implemented in the PAML package (Yang 1997) . According to the LRT, 52 genes exhibited a signature of positive selection at the 0.01 level of significance and up to 88 at the 0.05 level. The following criteria were applied to this 88-gene set to ensure appropriate robustness for the evidence of accelerated protein evolution in the human lineage: i) alignments with large gaps or excessive mismatches were manually discarded; ii) the estimated ω value in the human branch under the alternative model was checked to be greater than one; iii) at least one codon with a posterior probability ≥ 95% of belonging to the site class of positive selection on the human lineage was required for inclusion in the study; and iv) only alignments with known gene symbols were considered. Only a total of 11 genes were left after applying these strict criteria.
SNPs
We selected one SNP every 5-10 kb inside each candidate gene and up to around 30 kb in both 5' and 3' flanking regions, plus additional SNPs every 40 kb up to around 200 kb in both flanking regions. Preference was given to SNPs with a minor allele frequency (MAF) over 10%, based on the HapMap (Release 20 Jan 2006) and dbSNP (Build 125 Oct 2005) databases. Additionally, most coding non-synonymous SNPs (CNS) within each candidate gene and other functional SNPs identified using the PupaSuite web-based SNP analysis tool (Conde et al. 2006) were included, regardless of their allele frequency or validation status. A total of 223 SNPs out of 270 (82.6%) were successfully genotyped using the SNPlex Genotyping System from Applied Biosystems following the manufacturer's standard protocol. Allele separation was performed on an Applied Biosystems 3730 analyzer and both quality metrics and allele calling were reviewed using GeneMapper Software 3.5. Data from the Infinium Human Hap650Y BeadChip genotyped in the HGDP-CEPH panel (Li et al. 2008 ) was downloaded in bulk from the Stanford Human Genome Center website. For each candidate region, SNP genotype data were then extracted for 2 Mb regions centered on each gene of interest and merged with our previously obtained genotypes in order to maximize marker density. For CA14 it was not possible to obtain a centered 2 Mb region because the 650K Bead Chip lacked appropiate SNP coverage along ~500 kb; we therefore obtained a slightly off-centered 2 Mb region for CA14. In total, 4,814 SNPs spanning ~22 Mb of the genome were analyzed (Table 1) .
Data handling and analysis
Unless otherwise stated, data storage, quality control and data analysis were carried out using the SNPator web-based SNP data analysis platform (Morcillo-Suarez et al. 2008 ).
For specific calculations and plotting purposes we used the R statistical software package (version 2.4.0, http://www.r-project.org).
Allele frequency analysis
Across every genomic region and population, we analyzed the distribution of the minor allele frequencies (MAF) and the derived allele frequencies (DAF) of the corresponding SNPs. The proportion of SNPs with allele frequencies higher or lower than a defined threshold (MAF < 0.10 for the MAF analysis and DAF > 0.80 for the DAF analysis) was calculated within sliding windows of 100 kb in size every 20 kb and plotted against distance over the full 2 Mb regions (see Figure 1 ). Thresholds were chosen to maximize sensitivity to selection as suggested by Walsh et al. (2006) , and we required a minimum of 5 SNPs per window. Non-polymorphic SNPs in the overall 39 populations were not considered in the threshold analyses of minor and derived allele frequencies. However, SNPs fixed in a population but polymorphic elsewhere were counted as having MAF < 0.10 and DAF > 0.80 when applicable. The definition of minor allele was specific for each population rather than global and uniform across populations. We considered as outliers those regions in which multiple windows were found in the top 5% of the distribution of the respective proportions obtained independently for each population and considering all 2 Mb regions together. Given their small sample size (< 10 individuals), the San population was not included in the MAF threshold analysis. Ancestral states for all analyzed SNPs were obtained from the chimpanzee and/or the macaque genome sequences (panTro2, Mar. 2006 assembly and rheMac2, Jan.
2006 assembly, respectively). For 31 SNPs neither of the human alleles corresponded to the chimpanzee or macaque sequence and therefore these were not included the DAF threshold analysis. Genotyping of two chimpanzee samples confirmed the ancestral state of 192 SNPs.
F ST calculation
The proportion of the variance explained by populational differences was measured through the molecular fixation index F ST , by means of a locus by locus Analysis of Molecular Variance (AMOVA) (Excoffier, Smouse, and Quattro 1992) using the Arlequin software package version 3.11 (Excoffier, Laval, and Schneider 2005) . Global F ST values were obtained, taking into account all 39 worlwide populations studied as a single group. Empirical percentiles of global F ST values were calculated based on the distribution of all F ST values obtained over the eleven 2 Mb regions analyzed. We defined as outliers to be considered for further analysis those values within the top 5% of the empirical distribution.
Haplotype and long-range haplotype analysis
Haplotypes centered on each candidate gene were estimated using FastPHASE (Scheet and Stephens 2006) . Linkage disequilibrium (LD) blocks were explored using Haploview version 4.1 (Barrett et al. 2005) . The Long Range Haplotype (LRH) test (Sabeti et al. 2002) was carried out using the SWEEP software package (version 1.1). We defined cores as the longest non-overlapping core haplotypes with at least one SNP and not more than 20 SNPs.
For each identified core haplotype, we calculated the EHH and the relative EHH (REHH) at a genetic distance of 0.3 cM in both directions and plotted these against the core haplotype frequency. Distributions of EHH and REHH values were obtained for all main geographical regions from the relevant populational phased haplotype data, considering together the eleven 2 Mb regions centered on the genes of interest. Core haplotypes were placed in 5% frequency bins and the respective EHH and REHH values were log-transformed for each bin in order to obtain approximately normally distributed values. Empirical p values for the LRH test were obtained by using the mean and standard deviation of the empirical distribution of the respective scores in each continental region. The LRH test was not performed in Oceania because the populations in the continent showed reduced background distribution. To account for multiple testing, we estimated the false positive discovery rate (pFDR) (Storey and Tibshirani 2003) and calculated the q value for the scores within each frequency bin using the package q value (version 1.1) for R. The q value for a particular p value is defined as the expected proportion of false positives among all significant p values when calling that p value significant. We used a q value cutoff of 0.05 for assigning significance.
In order to allow for multiple populational and/or continental comparisons of EHH, we slightly modified the method introduced by Tang, Thornton, and Stoneking (2007) based on the ln(Rsb) statistic. The integrated extended haplotype homozygosity of individual SNP sites (iEHHS or iES) was calculated for every SNP site and population directly from genotype data using a home-coded script (PopMX package by Tang K, Bauchet M, Theunert C, unpublished data). Each iEHHS value was first normalized to the median of all values within each population, resulting in the EHHS' as following:
EHHS EHHS median EHHS =
EHHS' from each individual population was then divided by the average EHHS' across populations weighted for population sizes as following:
Note that ave(EHHS') takes sample size into consideration. Here n i refers to the number of individuals in a population i and N is the total number of samples used from the HGDP-CEPH panel. To estimate significance values for our results, we obtained a background distribution of XP-Rsb values for 642,690 genome-wide distributed SNPs using genotype data for the same panel generated elsewhere (Li et al. 2008) . For each population and each SNP site, we obtained a p-value by ranking its XP-Rsb value across the whole genome in that population and determine its quantile. We then log transformed the p-values and plotted them against position within each 2 Mb region, searching for clusters of significant values inside or around our candidate genes at both population and continental levels. We calculated XP-Rsb for every SNP site and each population (vs. all other HGDP-CEPH populations) as well as for each main geographical region (versus the remaining regions represented in the panel).
Identification of functional variants
We limited the search of possible functional variants along the VPS37C genomic region to an LD block spanning ~420 kb, where the strongest signals of selection were concentrated. For this purpose, we explored in silico the functional relevance of all the genotyped SNPs in our mixed dataset as well as of all available HapMap SNPs within the same region (HapMap data Release 23a/phaseII). The PupaSuite web-based tool (Conde et al. 2006 ) was used to detect all SNPs with a potential phenotypic effect, including coding nonsynonymous SNPs (CNS), SNPs disrupting miRNAs and their targets, as well as those SNPs located at triplexes or altering exonic splicing enhancers, exonic splicing silencers or transcription factor binding sites. The impact exerted by the amino acid substitution of each CNS was evaluated by means of Grantham's physicochemical distances (Grantham 1974) , the damaging probabilities predicted by PolyPhen (Ramensky, Bork, and Sunyaev 2002 ) and by the codon-level selective constraints for prediction of functional altering mutations as estimated in PupaSuite . The haplotype extension of rs2229177 was explored on HapMap Phase II data using the Haplotter web-based application (Voight et al. 2006 ). We also downloaded HapMap data (release 22/phaseII) to look for tagSNPs in the CD5 gene ±100 kb for both CEU and CHB+JPT samples using Tagger with the default parameters given by the authors (de Bakker et al. 2005) . Multi-species alignment of the CD5 sequence was visualized within the Ensembl genome browser (release 50, July 2008) selecting all available sequences from 23 eutherian mammals. The amino acid sequence and structure information of the CD5 protein were obtained from the UniProt Knowledgebase (UniProtKB, entry P06127) and both the ModBase database (Pieper et al. 2004 ) and the Protein Data Bank (PDB, entry 1by2) (Berman et al. 2000) , respectively. Table 1 summarizes the 11 fast-evolving genes in the human lineage for which we analyzed SNP genotype data from 39 globally-distributed populations. Most of them had pvalues smaller than 0.01 as determined by a likelihood ratio test of positive selection specifically in the human lineage on a phylogeny containing 5 mammal species (see Materials and Methods). None of the analyzed regions overlap, and although some map to the same chromosome, they can be treated as 11 independent genomic regions. Six of the 11 selected genes had more than 2 codons putatively affected by selection-driven amino acid changes, and 2 cases (both of them olfactory receptors) showed up to 7 codons putatively affected by selection, according to the posterior probability analysis of the Bayesian empirical inference.
Results
Selection of genes
Interestingly, some of the positively selected codons contain non-synonymous polymorphic positions in extant human populations (rs6597801 in LHPP, rs2961160 and rs2961161 in OR2A14, rs754382 in VPS37C, and rs1943639 in OR5G1P ). Given recent criticisms on the reliability of the site-prediction methods (Nozawa, Suzuki, and Nei 2009 ), these results alone should be interpreted with caution. Notably, 10 of the 11 genes analyzed here were also inferred to have undergone positive selection in the human lineage in at least one of three other publications based on more closely related and/or a larger number of species and similar branch-site tests of positive selection Bakewell, Shi, and Zhang 2007; Nickel, Tefft, and Adams 2008) . Next, we explored these gene regions for different signatures of recent positive selection in worldwide human populations using SNP data.
Allele frequency threshold analyses
The distribution of minor and derived allele frequencies around a given genomic region may suggest particular selective pressures acting on it. In particular, an excess of high frequency derived alleles may indicate positive selection, whereas the presence of an excess of low frequency variants could reflect either purifying selection or a recent selective sweep.
In the MAF threshold analysis, for each population within each of the 7 main geographical regions analyzed, we plotted the proportion of SNPs with MAF < 0.10 within multiple 100 kb sliding windows along 2 Mb regions centered on each candidate gene 
Long unbroken haplotypes
Recent selective sweeps can produce a distinctive signature on the haplotype structure of chromosomes consisting of an allele (or haplotype) that has both high frequency and longrange associations with alleles at nearby loci . In order to try to detect such a signature in the candidate regions, we applied 2 complementary approaches based on the Extended Haplotype Homozygosity (EHH) measure (see a similar strategy in Pickrell et al. 2009 ). The first approach compares the EHH decay between the alleles (EHHA) of a site or core-haplotype within a given population and has strong power for identifying alleles that have been driven to intermediate frequencies during a recent selective sweep (Sabeti et al. 2002) . In contrast, the second approach aims to detect nearly or recently completed local selective sweeps by comparing the EHH profile at individual SNP sites (EHHS) between populations (Tang, Thornton, and Stoneking 2007) . As to the first approach, we applied the long range haplotype (LRH) test (Sabeti et al. 2002) by measuring for each core haplotype detected in our data the relative EHH (REHH) at a genetic distance of 0.3 cM in both directions from each core. Figure 2 shows the distributions of REHH values versus frequency for all of the populations analyzed within each main geographical region (except Oceania). Table 2 lists the corresponding significant core haplotypes after correction for multiple testing. Both Europe and Middle East-North Africa presented 2 high frequency core haplotypes as outliers (Figure 2) . Three of them remained significant after multiple test correction (Table 2 ), but none of them mapped directly upon any of the candidate genes.
However, the long range homozygosity associated with the significant core haplotype found in Middle East-North Africa is mantained near the VPS37C gene (Figure 3) . The corresponding haplotype bifurcation plots for the 2 main haplotypes found in the core show unusual long range LD for the ACG core, given its frequency (0.821). Notably, the strongest signal for this significant core is reached at 0.42 cM where the REHH goes up to 46.4 ( Figure   S16 ). Central South Asia and East Asia showed 3 significant outliers but in low-frequency bins ( Figure 2 ). Interestingly, 2 of those involved the candidate LHPP gene. Given their low frequency the maintenance of these haplotypes over the region is less clear when looking at the bifurcation and EHH decay patterns (data not shown); nonetheless they remained significant inside their frequency bins, which could reflect a partial ongoing selective sweep on the way to higher frequencies.
An obvious caveat of the previous analysis is that the intra-population comparison has low power when the selected allele variant is at high frequency, and becomes impossible when the variant is fixed. For this reason, in our second approach, we applied a slight modification of the ln(Rsb) statistic developed by Tang, Thornton, and Stoneking (2007) designed to detect local selective sweeps by means of inter-population comparisons of EHH.
Here we are analyzing 39 different populations and a minimum of 7 groups when pooling populations into their main geographical regions, a number for which the ln(Rsb) statistic was not initially designed. To tackle this problem we modified the original formulation to XP-Rsb by comparing each individual population's iEHHS against a weighted cross-population average for each SNP position (see details in Materials and Methods). Figure S17 shows the -log p-value of XP-Rsb along the eleven 2 Mb genomic regions analyzed for each main geographical region. Although there are some clusters of significant p-values, only 2 were located near any of the candidate genes. In particular, East Asia showed a significant EHH differentiation pattern when compared to the other geographic regions around the GFRA3 and VPS37C gene regions (Figure 1d ). In order to identify which population(s) within each geographic region might account for these signals, we also computed XP-Rsb between the 39 worldwide populations. Detailed results for the 11 full 2 Mb genomic regions are shown in 
Insights on the VPS37C genomic region
Out of the eleven 2 Mb regions centered on our candidate genes, VPS37C consistently exhibits significant signatures of positive selection, especially in Asians. Most of the signals extend along more than 0.5 Mb and comprise several genes besides VPS37C (see top part of Figure 1 ). In order to identify which allelic variants could be responsible for the observed pattern, we first characterized the haplotype composition in this 0.5 Mb region, and then searched for variants with functional relevance on the putatively selected haplotype. In particular, we focussed our analysis on a ~420 kb region of relatively strong linkage disequilibrium, delimited by two hotspots of recombination, and containing 54 SNPs. The haplotype frequency distribution across the 39 worldwide populations analyzed for this narrowed VPS37C region (Figure 4 ) reveals a total of 692 different haplotypes. While up to 80% of the Sub-Saharan African haplotypes were found in single chromosomes and most of the Eurasian populations had 10-20% unique haplotypes, one particular 54-SNP based haplotype stands out as having relatively high frequencies in North West China (59 %) and most East Asian (67 %) and American populations (60 %).
We functionally characterized not only the 54 SNPs contained in the analyzed dataset, but also all available SNPs in HapMap (Frazer et al. 2007 ) within the same region. In order to explain the observed significant pattern of selection any potentially causative genetic variant should be: i) functionally relevant, ii) particularly frequent in Asians but not elsewhere and iii) embedded within the extended haplotype in the major allele state. A total of 12 coding non-synonymous SNPs (CNS) affecting 7 different genes were found in the target region, most of which were not typed in our mixed dataset but in HapMap. Table 3 EHH tests based on alleles tend to miss selection near fixation whereas EHH tests for sites are less powerful for partial sweeps (see Sabeti et al. 2006; Voight et al. 2006 and Tang et al. 2007 for discussion of the power of EHH in relation to the frequency of the selected variant).
As for demography, Tang et al. (2007) demonstrated the robustness of the lnRsb statistic accross a wide range of demographic models and Pickrell et al. (2009) shown that XP-EHH (which is similar to XP-Rsb) is not particularly sensitive to demographic effects either.
However, when using empirical distributions, rates of false positive and false negative results will be affected by the overall number of recently selected genes. This is an unknown (and highly debated) quantity, with some authors (Pickrell et al. 2009 ) finding few genes under positive selection, while others (Hawks et al. 2007 ) find large numbers.
Only one genomic region, VPS37C, showed significant signals across all the signatures of selection we explored. The observed pattern in this region is consistent with the action of recent positive selection in East Asian populations. Given that population-specific empirical distributions based either on the whole genome or a fraction of it (i.e., 2 Mb windows around the original 11 genes) were used, this result is difficult to be explained alternatively by demographic processes such as bottlenecks, that would mimic the genomic signatures of selection, albeit in all of the genome. Despite the strong evidence in favour of a selective sweep occurring along the VPS37C genomic region, it is difficult to pinpoint the source, since there were different clusters of significant signals across a ~ 0.5 Mb region.
While there are highly differentiated loci throughout the candidate region, some signals (such as those displayed by the MAF and DAF threshold analyses or the presence of significant core haplotypes in the LRH test) do appear to be concentrated from the vicinity of the VPS37C gene up to ~ 400 kb upstream. On the contrary, the highest concentration of significant p-values in the XP-Rsb analysis starts at VPS37C but only extends 100 kb downstream. Despite the limitations of these methods to accurately locate the target of selection, the observed pattern does suggest that it might be somewhere in or around the VPS37C gene and that part of the extended signal is due to high LD.
In agreement with these results, a previous genome-wide scan reported the VPS37C gene region among the 101 regions with the strongest evidence for a recent selective sweep in
Chinese (Williamson et al. 2007 ). This study used a composite likelihood ratio test, which provides fine-scale estimates of the position of the selected site, and which for this region was mapped to a 200-SNP window centered on the VPS37C gene. As suggested by the same authors (Williamson et al. 2007) , since the VPS37C protein is recruited by HIV and other viruses to promote viral budding from infected cells (Stuchell et al. 2004; Eastman et al. 2005) , it might play an important role in pathogen interactions. However, the identification of VPS37C as the actual gene responsible for the signal of selection in this region remains to be confirmed, and all known genes within ±100 kb were not rejected as alternative candidates.
Here, in a detailed analysis of the haplotype composition of the region we identified a paticular 54-SNP based haplotype at relatively high frequencies in Asia and America. This haplotype spans a ~420 kb block, and encompasses all of the different signals observed in this genomic region. The functional characterization of all known allelic variants linked to this putatively selected haplotype suggested 2 candidates, a non-synonymous coding SNP located in the last exon of CD5 (rs2229177) and a substitution altering a triplex-forming target sequence within its 3' end regulatory region (rs1787904). The CD5 gene is located less than 5 kb from VPS37C and codes for a 495-amino-acid-long transmembrane receptor expressed in the T-cell surface. Topologically, it comprises a large extracellular domain (amino acids 25-372) containing 3 repeats of a cysteine-rich region (SRCR domains), followed by a singlepass transmembrane domain (amino acids 373-402) and a short cytoplasmic region (amino acids 403-495). The aforementioned CNS (rs2229177) leads to an Ala-Val substitution at position 471 in the cytoplasmatic part of the protein, which has been reported as essential for the function of the receptor (Pena-Rossi et al. 1999; Bhandoola et al. 2002) . Alanine is encoded by the ancestral state (C) while Valine (encoded by T) is the derived state, which characterises the major form of the protein in Asian and American populations. In contrast with the much more variable extracellular region, this cytoplasmatic part of the receptor is highly conserved across species based on multiple sequence alignments. Berland and Wortis (2002) reported that only 5 out of the 96 amino acids of this region differ among 5 mammalian sequences (human, mouse, sheep, bovine and rat). Moreover, all other eutherian mammals (23 species compared) conserved the ancestral state at the polymorphic rs2229177
position. Despite the availability of several 3D-structure models for this receptor, none of them includes the cytoplasmatic region where the A471V substitution is located. The lack of a complete experimental template prevents any conclusive prediction of the structural or functional impact of this substitution.
The CD5 gene codes for a glycoprotein that acts as a transmembrane receptor in regulating T-cell proliferation. Specifically, CD5 functions as a negative regulator of T-Cell
Receptor (TCR) signaling during intrathymic T cell development. Experimental studies have reported that CD5 mediated down-regulation does not require the CD5 extracellular domain and, consequently, does not involve CD5 binding of an extracellular ligand (Bhandoola et al. 2002) . In contrast, the cytoplasmic portion of the molecule is required to act as an inhibitory receptor (Pena-Rossi et al. 1999) . It has been pointed out that autoimmune disorders may result from the disruption of inhibitory receptors, particularly in their conserved intracellular motifs which are responsible for transducing signals to distinct pathways (Ravetch and Lanier 2000) . Additional evidence for a functional role for rs2229177 (A471V) comes from a genetic association study in which it was shown that homozygosity for the ancestral allele in A471V
is associated with a poorer prognosis in patients of chronic lymphocytic leukemia (CLL) (Sellick et al. 2008) . Given the function of the CD5 gene and its role in the immune system physiopathology, it is tempting to speculate a possible protective effect for the putatively selected haplotype in Asians, although the exact mechanism by which the silencing of such a regulatory receptor would have been favoured by selection remains elusive. Additionally, other unknown variation linked to the same haplotype cannot be discarded as the actual functional variant responsible for the observed signals of selection.
Our results also demonstrate how both EHH-based approaches complement each other, as predicted by their estimated power to detect selection depending on the frequency of the selected allele in the population (Sabeti et al. 2007 Finally, we illustrate a case in which the ancient selective event of VPS37C during early human evolution and its apparent recent selective sweep are actually two independent phenomena. For a set of 11 genes with the most robust signs of adaptation in the human lineage, we could not find evidence of non-neutral evolution occurring after the advent of the human species. Based on these data, it appears that population-specific adaptation in humans may have been an independent process, involving different sets of genes than those that participated in defining our species. Open circles are values below the top 5% and hence are considered non-significant for that population. Gaps are the consequence of sliding windows having less than 5 SNPs, which has been set as the minimum for computing allele frequency proportions. 
